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SECTION I
INTRODUCTION

The armature is one of the key components of a railgun system since it
serves as the medium whereby electrical energy delivered by the power supply is
converted into projectile kinetic energy. The efficiency with which this con-
version ls accomplished is an important consideration in the assessment of
railpun systems because it directly influences the requirements placed on the
prime power and power conditioning components. Several mechanisms such as arm-
ature parasitic macs, armature resistance, viscous drag between the armature
and the bore, and ablation of bore materials and entrainment of those materials
into the armature (commonly referred to as ablation drag) can all have a dele-
terious effect on the armature efficiency. In addition, two of these loss
mechanisms, viscous drag and ablation drag, impose a limit on the maximum ve-
locity that can be achieved. The principal purpose of this paper is to develop
a methodology for examining how armature efficiency and velocity limits scale
with key gun performance parameters--such as projectile mass, bore size, and
gun current per unit rail height--and to apply that methodology to the various
hypervelocity armature concepts. (In this paper , the term hypervelocity is
used to denote velocities in excess of 7 km/s.)

Our analyses are focused on only three of the four commonly used armature
concepts, shown in Figure 1, since it is generally believed that the solid arm-
ature, which relies on solid-to-solid contact for current transfer to and from
the rails, is limited, because of bore gouging and because of the difficulty of
maintaining solid contact at high velocities, to a maximum velocity in the
range of 3 to 5 km/s. In the plasma armature, current transfer is achieved
through a moderate temperature, high-pressure arc which is typically several
centimeters or 10's of centimeters long. The hybrid and the transitioning arm-
atures are actually variations on the more basic designs of the solid and the
plasma armatures. The hybrid armature consists of a solid conductor with
plasma brushes bridging a small gap between the solid conductor and the rails.
1ts design is intended to overcome the velocity limitations on solid~to-solid
contacts while preserving some of the advantages of the solid armature. The
transitioning armature begins as a solid armature and transitions, after accel-

erating over several 10's of centimeters of bore, to a plasma armature as a
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result of ohmic heating. The intent of the transitioning armature is to elimi-
nate plasma heating of the bore near the breech where it is most severe, ose-
cause of the long transit time. The relative advantages and disadvantages of
the four armature types have been discussed in detail in Reference 1.

Our analysis is based on the simultaneous solution of Newton’s Law for the

launch package (armature plus projectile) and equations which describe the ab-

lation and entrainment of bore materials. To simplify the model, we consider a

square—bore, constant—current, simple railgun. We are forced to make assump-
tions concerning the values of some parameters, particularly those related to
viscous drag, ablation drag, and armature potential drop, because the magni-
tudes and scaling laws for these parameters are, at present, not well known.
Therefore, we also report the results of calculations we have performed to
determine how sensitive the trends predicted by the model are to uncertainties
in several of the key parameters. These sensitivity studies are useful in
determining which parameters appear to be most important in defining armature
performance scaling, and serve as a guide to how experimental efforts might be
focused to enhance our understanding of hypervelocity armatures.

The remainder of this paper is divided into four sections. Section II
describes the development of the mathematical model for predicting armature
efficiency. Section III contains the results of our scaling calculations for
the plasma, hybrid, and transitioning armatures. Section IV describes the
sensitivity calculations and Section V discusses the conciusions and

recommendations.
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SECTION II
MODEL DEVELOPMENT

To examine how armature performance scales with gun operating conditions,
we employ a model, described in Reference 1, which computes the armature effi-
ciency for a simple, square-bore, constant—current railgun. Since the model
has been discussed elsewhere, we will only outline the defining equations here,
except that we will provide a more extensive discussion of the formulation of
the ablation drag term which diffexrs somewhat from that used in Reference 1.
The description of the model will focus primarily on plasma and hybrid arma-
tures. The transitioning armature will be modeled simply as a solid armature
which transitions instantaneously to a plasma armature at a specified velocity
with no loss in energy.

For both hybrid and plasma armatures, the increase in veloeity, v, of the
projectile/armature system with time, t, is described by Newton’s Law which we

write as
dM
dv L'I? Pa _
(Msa + Mpa + Mp) priadi vV <3¢ FD’ (1)

Here, M., is the mass of that portion of the armature which is in the solid
state, Mpa is the mass of that portion in the plasma state, Hp is the projec-
tile mass, L' is the gun inductance gradient, I is the gun current, and F} is
the drag force resulting from the armature/bore interaction. The first term on
the right hand side represents the Lorentz force which accelerates the launch
package, while the second and third terms represent the decrements in accelera-
tion arising from ablation drag and the drag force between the armature and
bore, respectively.

We assume that only the bore area wetted by the plasma portion of the

armature contributes to the drag force, which we write as

N T\ { 1 + 26/h } 2)

D h 45/h

where C¢ is the skin friction coefficient for the plasma, h is the bore dimen-

sion, and § represents the thickness of the gap between the solid conductor and
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the rail. In the case of a plasma armature § = h.

To calculate the ablation drag term in Equation (1) for the plasma arma-
ture, we assume that all the energy generated in the armature through ohmic
dissipation and by friction is radiated uniformly to the bore. The following
equation, based on an extension of the model proposed by Parker, et al., Refer-

ence 2, is then used to determine the change of the plasma mass with time:

dM
_pa _
ac ~ RRepfr®R * HephpY 2
where QR and QD‘ given by
IV + VFD
Qg = Q = ——— , (4)
2 + (h/2)

represent the heat flux to the rails and dielectrics, respectively. Here, V is
the resistive voltage drop across the armature, £ is the armature length, and
£ps the rail ablation coefficient, represents the mass of rail material which
is vaporized, ionized, and raised to the arc temperature for a unit input of
energy. The parameter ﬁR accounts for the fact that only a fraction of the
energy incident on the rails leads to ablation, the remainder being expended in
raising the surface temperature of the rails to the vaporization temperature or
lost to thermal conduction into the rails. In Appendix A, we derive an expres-
sion for Bp as a function of the heat flux to the rail, the rail thermophysical
properties, the projectile velocity, and the armature length. In writing Equa-
tion (3), we have assumed that only a fractiom, fp, of the mass ablated from
the rail is actually entrained in the plasia armature. The variables with the
subscript "D" refer to the corresponding parameters for the dielectrics.

Qur ablation model differs from that of Reference 2 in two respects.
First, our formulations for Bp and By account explicitly for the energy
expended in raising the bore surface to its vapor temperature and for the
energy conducted into the bore. Second, we have included frictional heating of
the plasma armature, in addition to ohmic dissipation, as a second source of
thermal energy which is eventually transferred to the bore.

The voltage drop in Equation (5) is assumed to be the sum of a net cor._act
potential per anode/cathode pair, Ve, and a bulk voltage drop which scales with

bore dimension. Ccusequently, for the plasma armature the voltage drop is
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written as

V=V, + V., (5)

Because of the limited data for bore sizes beyond a few centimeters, there is
considerable uncertainty in the evaluation of the parameters in Equation (5).
For the set of baseline calculations presented here, we use V, = 100 V based on
the experiments of Jamison Reference 3. Muzzle voltages obtained from
experiments with small-bore guns, Reference 4, and with the Maxwell Single Shot
Gun (SSG) Refernce 5, suggest voltage drops of approximately 155 V and 350 V in
bores of the order of 1 cm and 10 cm, respectively. With 100 V for the
contact potential, we can use the small-bore and SSG data to determine a and
Vp's with the result that a ~ 0.658, and Vy,' =~ 1138 v/ (n%).

The form of Equation (5) does not allow an explicit dependence of armature
voltage on current. There is, of course, an implied dependence that guns with
lJarger bores typically operate at higher currents. Unfortunately, the experi-
mental data currently available does not allow a distinction between the effect
of a change in current and a change in bore dimension. Therefore, we have
chosen to use Equation (5) until experiments are performed to separate the two
contributions.

The armature length, £, which appears in the calculation of fp and 8, is

assumed to scale with the number of heavy particles in the plasma according to

M &'1
t-y BTt (6
pai

the relation

The average molecular weight of the armature, M, is allowed to change with time
due to the entrainment of rail and dielectric materials, and the subscript "i"
in this expression denotes values at t=0,

Since there is no direct measurement of plasma armature mass in railgun
experiments, we base our estimate for Mpai on analysis of experimental data.
Calculations, Reference 6, for the Rashleigh-Marshall experiment suggest a
plasma armature mass to projectile mass ratio of 0.053. Studies, References 7,
8, and 9, of data taken from CHECMATE suggest values for this ratioc of 0.035 to
0.061 if the major constituent of the armature is assumed to be copper. Based

on these calculations, we assume that the initial mass of the plasma armature




is related simply to the projectile mass by the expression

Mgy = 0-05M, . 7

To estimate the initial armature length, we assume that the plasma armature
temperature and degree of ionization are independent of gun operating
conditions so that the average density in the plasma is directly proportional
to the pressure. Equating the pressure to the Lorentz force per unit bore

area, the average density of the plasma armature can be written as
- xj2 (8)

where j is the current per unit rail height and K is a constant. Once again,
the value of 3 x 107 1% kg/Azm, used in this study for K, is based on analyses,
References 6 through 9 of the Rashleigh-Marshall experiments and the CHECMATE
experiments, which suggest values in the range from 2 x 10714 to0 3 x 10714
kg/Azm. Combining Eqs. (7) and (8) allows us to estimate an initial armature
length, 2.

The entrainment fractions, fp and f;, are likely to be complicated
functions of the geometry and composition of both the armature and the bore,
the armature radiative properties, and the grmature velocity. Since the
details of these various functional dependencies are, at present, unclear, we
have made rather simplistic assumptions regarding the values of the entrainment
fractions in Section III in order to illustrate the potential impact of
ablation drag on performance.

The effect of ablation drag on the performance of the hybrid armature is
neglected in our calculations since experimental evidence to date, albeit
limited, suggests that for §/h << 1, there is negligible entrainment of
material ablated from the rails and insulators into the plasma brushes,
Reference 10. Therefore, Equation (3) is not required for the analysis of the
hybrid armature. However, an additional equation must be solved which describes
the growth of the gap between the solid armature and the rails arising from
ablation of the solid armature. The increase in § leads to an increase in the
armature voltage drop and in the losses due to frictional interaction with the

insulators, and a decrease in the armature mass. To calculate the increase in
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§ we assume that the energy generated by ohmic dissipation in the plasma

brushes and by viscous interaction with the bore is radiated uniformly from the
surface of the plasma brushes. Furthermore, we assume that the solid armature
constrains the plasma brush such that its lemgth, £, is equal to the length of

the solid armature, £,. The equation for the gap growth can then be written as

- a _ v + vFD ﬂses 9)
: de 2 2p (.h + &h + §2)’

i vhere p. is the effective density of the solid armature and ¢ is the
appropriate ablation coefficient for the solid armature. An expression for 8,

& which represents the fraction of the heat flux to the solid armature which

: actually leads to ablation, is derived in Appendix A. The mass of the plasma

F brushes is determined from
Mpa - 2ppa6£sh (10)
i where the density of the plasma brush, Ppa’ is assumed to be given by Equation
(8). The mass of the solid conductor in the hybrid varies as

1~ 26
Msa - Msai —T—:—EE; (1

where §; is the initial value of the gap dimension, and M. ,; is the initial
mass of the solid conductor. As discussed in Appendix B, M ,; is calculated
based on the action of the solid conductor and the total acceleration time, tg,

with the result that

]
“g
M = f£f hl {}—} . (12)
sai ac v
In Equation (12),
. [fec
y-- P ar (13)
Ps Ti T

where Cp is the specific heat of the solid conductor, 1, its resistivity, T;

its initial temperature, and Ty the allowed final temperature of the armature
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material, fac represents the ratio of the total armature mass to the conduc-
tor mass and is used to allow for the possibility that the solid conductor may
be imbedded in a nonconducting matrix to provide a more uniform distribution of
current in the armature.

In the hybrid armature, the voltage drop across the solid armature is
neglected relative to the drop across the plasma brushes. The voltage drop
across each brush is assumed to obey the same scaling as the plasma armature,

so that the voltage drop across the hybrid armature is given by
Vo= 2(V, + V6% . (14)

Equations (1) and (3) or (1) and (9) are solved for the plasma or hybrid
armature, respectively. For the transitioning armature, only losses associated
with parasitic mass and resistive voltage drop are considered when the armature
is in the solid state. Frictional effects are neglected since transition takes
place at relatively low velocities where drag is not dominant. Also, bore
ablation is neglected while the armature is in the solid state since we have
assumed the ohmic energy is absorbed by the solid armature. The armature is
assumed to transition with no loss in energy and at transition it is given the
characteristics of a plasma armature at the corresponding gun operating
conditions.

For the purpose of comparing various armature types{we define an armature
efficiency, n, as the ratio of the increase in projectile kinetic energy to the
encrgy provided to the armature to accelerate the armature/projectile system to

velocity v. The armature efficiency, as defined, may be written as

2 -y 2
MP (v ] )

n - (15)

2 J IV + ML T2v)de

where t is the time required to accelerate the armature/projectile system to
velocity v.

In Appendix C an analytical expression is derived for the armature
efficiency in the limit where the dominant loss mechanisms are the initial
parasitic mass of the armature and armature voltage drop. This expression is

valid for the transitioning armature prior to transition and, as we shall see
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in Section II1I, provides a good approximation for the efficiency of hybrid

armatures.
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SECTION III
RESULTS

1.  PERFORMANCE SCALING WITH PROJECTILE MASS

ﬁ In this section, we assess the relative importance of the various loss
mechanisms for plasma, hybrid, and transitioning armatures, and determine how

armature performance scales with projectile mass. As projectile mass is in-

creased, we assume that the density of the projectile and its ratio of length

to transverse dimension are held fixed, and that the current per unit rail

height, j, is held constant. Consequently the bore dimension and gun current

scale as

h =G up1/3 (16)
I=jh. (17)

For the calculations presented in this section, we take C,, to be 0.074 m/kgl/3
and j equal to 3 x 107 A/m. Throughout the remainder of this paper we refer
to scaling with bore size and scaling with projectile mass interchangeably.

Other parameters used in the calculations presented here are listed in
Table 1. The value for the skin friction coefficient was chosen from the range
of values established by Parker et al., Reference 2. We have taken the rail
material to be copper, the initial armature material to be aluminum, and the
insulators to be polyethylene. This choice of materials establishes the
material properties listed in Table 1 (i.e. ablation coefficients, atomic or
molecular weights, vapor temperatures, thermal conductivities, thermal
diffusivities, and solid armature density). The A’s in Table 1 are defined in
Appendix A and are merely dimensionless combinations of thermal properties. 7,
which is defined by equation (13), is a material property of the solid armature
related to its action constant.

The gun inductance gradient is assumed to be 0.5 pH/m, a representative
value for simple railguns. We have assumed, in addition, that there is mno pre—
injection (i.e. the projectile initial velocity is zero) which makes the
results of our ablation studies conservative, since ablation effects could,

presumably, be lessened by injecting the projectile with some initial velocity.

11
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PARAMETERS FOR CALCULATING ARMATURE EFFICIENGY
Parameter Value Units

Cp 2x 1073
& 4.7 x 1078 kg/J
eD 4x107° kg/J
'y 1.3 x 1078 Kg/J

MW 1 26.98 g/mole

HWR 63.54 g/mole

L 4.67 g/mole

Ty R 2830 K
ky 290 W/mK
3, 7.9 x 107 n2/s
A 0.287

T, D 463 K
ED 0.3 W/mK
a, 2.08 x 107/ n’/s
Ap 0.405

Ty s 2800 K
ic's 238 W/mK
ag 1x107% nZ/s
b 2700 kg/m>
v 4.3 x 109 mzAZS/kg2
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Another factor which tends to make our estimates of ablation effects conserva-
tive is our assumption that the ablation entrainment fractions, fR and fy, are
unity. We assume the initial gap width in the hybrid armature to be 1 mm for
both the 1 cm bore gun and the 10 cm bore gun, and we take the ratio of the
solid armature mass to conductor mass, fac' to be 1.5. For the transitioning
armature, we transition the armature from solid to plasma when the armature/
projectile wvalocity reaches 3 km/s,

In Figure 2a we show three sets of armature efficiency versus projectile
velocity curves for a one-centimeter-bore railgun accelerating a 2.5-gram pro-
jectile to velocities up to 15 km/s. The three sets correspond to the calcula-
tions for a plasma, hybrid, and transitioning armature. The trends exhibited
by these curves were discussed in detail in a previous publication, Reference
1. The objective here is to investigate how armature efficiency scales with
projectile mass. Therefore, we have shown plotted, for comparison, in Figure
2b the corresponding curves for a ten—-centimeter~bore railgun accelerating a
2.5-kilogram projectile.

Five separate calculations are shown for each armature type to help illus-
trate the importance of each loss mechanism and how these loss2s scale with
projectile mass. The Case 1 calculations, indicated by a "1" following the
curve, show the loss in efficiency associated only with the initial parasitic
mass of the armature. In the Case 2 calculations, the losses due to armatute
resistance are included along with those resulting from the armature parasitic
mass. Case 3 considers the effects of armature friction with the bore as well
as the losses described for Cases 1 and 2. In Cases 4 and 5 we add the effects
of ablation to the other loss mechanisms. Case 4 includes the effect of mass
ablation arising from ohmic dissipation in the armature and Case 3 adds the
effect of mass ablation arising from viscous heating in the armature, For the
plasma and transitioning armatures, this means that mass is ablated from the
bore and entrained in the plasma. For the hybrid armature, ablation refers to
solid armature mass being ablated so that the brush gaps get wider.

The general trends exhibited by the net efficiency, Case 5, in Figure 2
are quite interesting. First we see that the efficiencies predicted for the
small-bore gun are all quite low., In particular, we calculate values for g of
0.5 or less for the plasma and transitioning armatures, and 0.3 or less for the

hybrid armature. Furthermore, the calculations indicate a maximum achievable
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velocity, for the conditions studied here, of approximately
small-bore plasma atmatuie and 9 km/s for the scmall-bore transitioning arma-
ture. The calculations do not predict a velocity limit within the range studied
here for the hybrid armature. Comparison of Figures 2a and 2b suggests a
favorable scaling for armature efficiency with increasing projectile mass and
bore size. In particular maximum efficiencies of 0.77, 0.73, and 0.87 are
calculated for the plasma, hybrid, and transitioning armatures, respectively.
Despite the improved efficiency, the maximum achievable velocities for the
plasma and transitioning armatures are approximately the same for the
large—-bore calculations as for the small-bore calculations. The scaling of
maximum velocity with bore size predicted by our calculations is less favorable
than the scaling predicted by Parker et al., Reference 2, primarily because we
include frictional heating of the plasma armature in calculating ablation drag.
Insight into the trends shown in Figure 2 can be obtained by considering
the scaling of each loss mechanism with bore height. The armature efficiency

may be determined analytically for Case 1. This efficiency is given by (see

v 1
" - {1 + ﬁﬁi} (18)

Appendix C)

P

where n; is the Case 1 efficiency and Mai/Mp is the initial value of the ratio
of the armature mass to the projectile mass. For the plasma armature, we have
taken this mass ratio to be a constant, given by Equation (7). Therefore, the
Case 1 efficiency for the plasma armature, in both the one-centimeter bore and
the ten~centimeter bore, is equal to the constant value, 0.95,

For the hybrid armature, we see that the larger parasitic mass of the
solid conductor causes the Case 1 armature efficiency to be considerably lower
than for the plasma armature. As discussed in Appendix B, the solid mass of
the hybrid armature must be sized to prevent melting during the acceleration
time. An analytical expression may be derived for Case 1 solid armature mass
as a function of bore size, final projectile velocity, Vg, projectile mass,
inductance gradient, and the parameter, vy, (see Equation 13), This expression

is given by

M a1 b
;a = A (14 (1+2/0)7 (19)
P
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2

2
A\ fac h (vf B vi) 20
= JL'M (20)
B

It is interesting to note that the mass ratio given by Equation (18) is inde-
pendent of gun current. Furthermore, since we have scaled the projectile mass
as the cube of the bore dimension, one can see from Equation (20) that ) scales
as 1/h. For large values of A, the mass ratio in Equation (18) scales as 1/h,
whereas for small values of )\, it scales as l/hhf (Typical values for X in our
calculations range from 0.06 to 0.6.) In any case, the ratio Hsai/np decreases
with increasing projectile mass. Therefore, we expect the losses associated
with the large parasitic mass of the hybrid armature to be greater for small-
bore guns than for large-bore guns at a given projectile velocity. This degra-
dation in hybrid armature performance with smaller bore size is apparent in the
armature efficiency curves in Figure 2.

In simulating the transitioning armature, we have assumed that the arma-
ture instantly transitions from a solid to a plasma when its velocity reaches 3
km/s. The decrease in transitioning armature efficiency at low velocities,
seen in Figure 2, is a result of accelerating the solid armature mass to 3
km/s. This efficiency decrease is more pronounced in the one—centimeter gun
than in the ten-centimeter gun for the reason described above; namely, the
scaling of “sai/"p with h, After the armature transitions to the plasma state
the Case 1 armature efficiency asymptotically approaches the 0.95 value found
for the plasma armature.

The effects on armature performance of including armature resistance, the
Case 2 calculations, are most pronounced in the plasma and hybrid armatures at
low velocities. In the transitioning armature, the small resistance of the
solid armature helps to negate the deleterious effects of armature resistance
at velocities below 3 km/s. Once again, we can derive an analytical expression

for the Case 2 armature efficiency (see Appendix C), namely

n, = . (21)
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represents the decrement in armature efficiency arising from the voltage drop,
V, in the armature.

For the plasma armature, Ha/Mp is a constant, since for Case 2 we are not
yet considering ablation. According to Equation (5) V scales as h® for large
h, and I scales as h. Combining these scaling relationships with Equation (22)
shows that u for the plasma armature scales approximately as ha—l for a given
ve and vy. The parameter a was determined to be less than one, so increasing
the bore size should decrease the impact of armature resistance on performance.
This favorable scaling with increasing bore height is clearly visible in the
plasma armature curves of Figure 2,

For the hybrid armature, the voltage drop is obtained from Equation (14)
where the drop across the solid part of the armature has been neglected rela-
tive to the drop across the plasma brushes. The reduction in armature effi-
ciency resulting from armature resistance is greater in the small-bore hybrid
armature than in the small-bore plasma armature, because the hybrid armature
has a net voltage drop which exceeds that of the plasma armature. Also, the
scaling of Ma/Mp with h, as well as the scaling of V with h described for the
plasma armature, lead to a scaling of Case 2 armature efficiency as hz”“ for
the hybrid armature. This improvement in armature efficiency with larger bore
size can be seen in Figure 2.

The small resistance of the transitioning armature in the solid phase
greatly enhances the Case 2 efficiency of the armature at low velocities in
comparison with the plasma and hybrid armatures. After the armature transi-
tions to the plasma state, it behaves essentially as a plasma armature with all
the scaling relationships developed for plasma armatures being applicable.

In the Case 3 calculations we have added the effects of friction between
the armature and the bore. Introducing friction puts an upper bound on the
maximum velocity that can be achieved for a given current. This velocity
maximum may be determined by equating the Lorentz force to the drag force in

Equation (1) to get
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for the plasma armature. Since the dependence on h cancels in Equation (23)
both the one-centimeter bore and the ten—centimeter bore have the same maximum
velocity, if ablation effects are neglected. For the parameters used to gener-
ate the curves in Figure 2, this maximum velocity is 21 km/s. The fact that
the Lorentz force and the drag force scale equivalently (as h2) suggests that
frictional drag has approximately the same effect on performance in the large—
bore gun as in the small-bore gun; this is evident in the Case 3 curves for the
plasma armature in Figure 2.

Although the expression for the maximum velocity attainable with the hy-
brid armature is slightly more complicated than Equation (23), a scaling analy-
sis leads to the same conclusion, i.e. the maximum velocity does not depend on
h in the absence of ablation. (It should be mentioned that this conclusion is
based on our assumption that the gap thickness, §, is the same for both bore
sizes.) Once again, in Figure 2, we see roughly the same relative degradation
in efficiency from drag for the hybrid armature in both the large—hore and
small- bore guns.

The Case 3 curves for the transitioning armature closely resemble those
for the plasma armature. For these calculations we have assumed that the fric-
tion between the solid armature and the bore is negligible since the transition
occurs at a relatively low velocity, 3 lm/s, After transition, we find, as
before, the scaling of the friction force to be balanced by an equivalent
scaling of the Lorentz force.

The Case 4 curves in Figure 2 illustrate the potential impact of ablation
due to ohmic dissipation in the armature. In the plasma and transitioning arm-
atures, the effect of this ablation is to degrade armature performance because
mass is entrained into the armature. The degradation in efficiency is much
more severe in the nne—centimeter gun than in the ten—centimeter gun because of
the nonlinear scaling of the armature voltage drop described in Equation (5).
Indeed, ablation drag, as modeled here, limits the maximum velocity which can
be achieved in the small-bore gun to approximately 11 km/s for the plasma arma-

ture and 13 km/s for the transitioning armature.
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For the hybrid armature, the addition of ablation resulting from ohmic
dissipation is seen to improve armature performance in the Case 4 curves of
Figure 2. This improvement in performance arises because the solid part of the
armature is allowed to ablate while only enough mass is entrained in the plasma
brushes to fill the increased gap. Therefore, the armature is becoming less
massive as it accelerates. The effect is only slightly different in the two

v bore sizes because the armature voltage drop is dominated by the contact

potential,

Finally, the results shown in the Case 5 curves of Figure 2 demonstrate

the effects of ablation resulting from frictional heating of the armature. The
armature efficiency curves for the plasma and transitioning armatures indicate
that ablation from frictionai heating plays a more dominant role in limiting
the maximum velocity in the ten—centimeter gun, than in the one—centimeter gun.
This difference in dominant ablation mechanisms is, once again, a result of the
nonlinear scaling of the armature voltage drop with bore dimension. In partic-
ular, according to Equation (4), the ohmic contribution to thes heat flux, for
h/2<<1, increases at most as h1+a whereas the contribution from friction, based
on the initial armature mass, increases as hz. In addition, there is a non-
linear effect in that mass entrainment increases the plasma armature mass and
thereby increases the heating of the bore by friction. The effects of ablation
due to frictional heating in the plasma brushes of the hybrid armature are not
distinguishable from the effects of ohmic ablation at the velocities studied.
The ohmic dissipation mechanism is clearly dominant in the hybrid armature.

In the remainder of this paper , the term armature efficiency will be used
to denote the Case 5 calculation, that is the efficiency with all loss mecha-
nisms included.

To further illustrate the sensitivity of armature efficiency to projectile
mass, we show, in Figure 3, armature efficiency as a function of projectile
mass for a muzzle velocity of 7.5 km/s. As indicated in the figure, the effi-
ciencies of all three armature types display a trend which, in general, favors
large projectile masses, although the curves for the plasma and transitioning
armatures display a rather broad maximum for a projectile mass on the order of
6 kg.
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2. PERFORMANCE SCALING WITH CURRENT PER UNIT KAIL HEIGHT

In this section we use our armature models to investigate how railgun
performance is affected by changes in the current per unit rail height. First
we examine the impact of varying j on the maximum obtainable velocity for the

large-bore and small-bore simulations. These calculations were made for the

»

plasma and transitioning armatures only, since the hybrid armature shows no
velocity limit below 15 km/s. The results from this study on current scaling

are shown in Figure 4.

e T T T T S T R T

Several limits exist to the maximum current allowable in a railgun. One

limit is determined by the maximum current that the rails can carry before
ohmic heating causes the rails to melt. Hawke, et al., Reference 11, finds
this limit, for copper rails, to be j, .. = 4.3 x 107 A/m. Another limit on the
maximum allowable current is determined by the maximum stress exerted on the

rails before they yield. This current limit is estimated from the equation

20 %
e[
where ay is the compressive yielded strength of the rail material. For copper
) rails and an inductance gradient of 0.5 pH/m the current limit is given by j <
. 3.5 x 107 A/n.
Finally, one other limit on the allowable current is derived from the
! maximum acceleration, Amax’ the projectile can withstand:
2Amax Hf
Jmax [T?—] (23)

Assuming A, = 107 m/sz, w2 find that for the 1 em gun j .. = 3.2 x 107 A/m

T T

and for the 10 cm gun 3., = 10% a/m,

3 In summary, thermal and wechanical considerations suggest a peak value of

j in the rconge from 3.2 x 107 to 4.3 x 107 A/m. Therefore, in Figure 4, we
have indicated a current per unit rail height of 4 x 107 A/m with a vertical
line as a reference.

According to Equation (1), the velocity maximum is determined by the ve-
locity at which the Lorentz force is balanced exactly by the viscous drag and
ablation drag terms. At low values of j, viscous drag plays the dominant role
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in balancing the Lorentz force, while at high values of j, the ablation drag
term is more dominant. Both loss mechanisms are important in the range of

about 3 to 4 x 107 A/m.
If we neglect ablation effects, increasing the current should always lead

1!

o
i
A e
S 3
“ slenn "

2 prar

In fact, Equation (1) indicates that

3
hL'
v - -+ 1. (26)
max {ACfMpa}

However, we must consider ablation effects and the impact of the change in

to an increase in Vmax*

current on ablation. Ablation leads t»> an increase in armature mass, and to
the introduction of the dea/dt term in Equation (1). This effect tends to

decrease v, .. below that predictec in the absence of ablation. The amount of

the reduction in v as a function of I is quite complicated because of the

max

Eé impact of I on the ablation characteristics.

m The current influences the amount of mass ablated in three ways, according

= to Equation (3). First, for a given velocity and armature voltage, the power

f_ dissipated in the armature, Q, increases as I increases. On the other hand,

EI the acceleration time decreases, which tends to decrease the ablated mass.
Finally, we find that, as current increases, the value of B, at a given veloc-

ity, increase:. We now have two opposing trends — as current increases the

energy dissipated in the armature and transferred to the bore during

H-i acceleration decreases but this energy is more effective in causing ablation,
It is the relative importance of these two opposing trends that leads to the
! complex shape of the Vpax versus I curve.

Figure 5 shows the efficiency at which a projectile can be accelerated to

7.5 km/s for a range of values of j for the three armature types. In general,

we note that increasing j leads to an increase in 5. The missing part of the
small-bore plasma armature curve in Figure S5 means that the specified velocity,
7.5 km/s, could not be achieved in the corresponding current per unit rail

height range.
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SECTION IV
SENSITIVITY STUDIES

A number of the scaling parameters employed in calculating the armature
efficiency are not well known. In this section, we focus on the sensitivity
of our performance predictions to three of these parameters, namely the en-
trainment fraction, the friction coefficient, and the contact potential.

Two of the least understood parameters in our model of the armature are
the entrainment fractions, fp and f;,. The sensitivity of our results to the
values used for these parameters is illustrated in Figure 6 where we have
plotted curves of the maximum velocity attainable with a transitioning arma-
ture as a function of the entrainment fraction for both the large-bore and the
small-bore gun. For these calculations, fp and f; were set equal. As the en-
trainment fraction is varied from O ro 1, the maximum velocity decreases
significantly from 21 km/s to less than 10 km/s, with the large-bore gun dis-
playing slightly greater sensitivity. It is interesting to note, however,
that the limiting velocity is relatively insensitive to the entrainment frac-
tion for values of f greater than approximately 0.5.

Another parameter about which very little is known is the skin friction
coefficient, C¢. The curves in Figure 7 give some indication of the sensitiv-
ity of our calculations to uncertainty in the value of C¢. Here we have
plotted the maximum velocity as a function of the skin friction coefficient
for values of Cg between 1x107> and 6x1073. It has been suggested that the
value for C¢ lies within this range, Reference 2. As indicated by the figure,
the maximum velocity is very sensitive to Cg. For example, the small-bore
velocity limit at Cg = 1 x 1073 is about 11.5 km/s while at Cg = 6 x 1073 the
velocity limit is only 6 km/s, a reduction of 48 percent. Thus, uncertainty in
the value of the skin friction coefficient has a significant impact on our
ability to accurately predict armature performance.

There is, at present, no direct measurement of the contact potential at
the solid/plasma interfaces in the armature. For the efficiency calculations
described so far, a value of 100 V per anode/cathode pair was used, a value
inferred from limited experimental measurements, Reference 3. Contact
potentials derived from experiments and modeling in arc discharges, albeit at

much lower pressures and currents, are considerably lower, generally falling
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in the range from 10 to 30 V per anode/cathode pair, Reference 12. To
determine how smalle: values of the contact potential might affect performance
predictions, we investigated two other muzzle voltags scaling relationships
corresponding to values of the contact potential drop, V,, of 50 V and O V.
Again, the scaling law was based on Equation (5) with experimentally measured
muzzle veltages for SSG and small-bore guns used to determine the constants
Vy,' and a. In this manner, we find that V,' ~ 860 V/e* and « = 0.46 for V, -
50 V, and V' = 790 V/n* and @ = 0.35 for V, = 0. A comparison of the
voltages predicted by the three scaling relations is shown graphically, for
the plasma armature, in Figure 8. 1In the bore dimension range of present
interest, the muzzle voltage curves do not deviate significantly from one
another. Consequently, the armature efficiency curves, shown in Figure 9 as a
function of Hp for hybrid and transitioning armatures operating at 7.5 km/s,
are essentially indistinguishable for the three voltage scaling relationships.
Ve would expect the efficiency of the hybrid armature to be somewhat more
sensitive than the plasma armature o the voltage scaling relation since, for
the hybrid, the armature voltage drop is dominated by Vc' Nonetheless, even
for the hybrid the efficiency is relatively insensitive to the voltage scaling
relationship, primarily because the dominant loss mechanism in the hybrid

armature is the armature parasitic mass.
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SECTION V

L 3

T

3 CONCLUSIONS

We have developed a model for investigating armature performance as a
function of railgun geometry, armature type, and gun operating conditions.
Two key figures of merit are established for evaluating a particular armature
— the armature efficiency, n, and the maximum velocity, Vpax: The armature
efficiency corresponds to the ratlo of the increase in kinetic energy to the
energy provided to the launch package during acceleration, while v .
represents the maximum velocity that can be achieved for a given set of bore

geometry and materials, projectile characteristics, and current level. The

%i model, which can be used to study all four major armature types (solid,
plasma, transitioning, and hybrid armatures), accounts for the effects, on
X armature performance, of parisitic mass, armature resistance, friction,
ii ablation dray, and, for the hybrid armature, gap growth. The model can be
used to identify the dominant loss mechanisms for each type of armature, to
provide a relative ranking of the armatures based on efficiency and maximum
" velocity for a particular application, and to guide experimental efforts by
.i providing a framework for assessing the sensitivity of performance predictions
to parameters that are not yet well defined. It is intended that the model be
updated on a regular basis to reflect the progress made in understanding the
loss mechanisms described here, as well as additional performance degrading
.i phenomena, such as restrike, blowby, and armature instabilities, which, at
present, are poorly understood.

In this paper, we used the armature model to determine how n and Viax

scale with projectile mass (and correspondingly bore size) and with j, the

current per unit rail height. We restricted consideration to the hyper-
velocity regime (v greater than 7 km/s), so that we evaluated only the plasma,
transitioning, and hybrid armatures. Furthermore, since, in this regime, the
transitioning and plasma armatures exhibit similar trends, with the transi-
tioning armature having slightly higher values of % and v ., our discussion
here will focus on the transitioning and hybrid armatures.

For the specific conditions considered in this analysis and a projectile
muzzle velocity of 7.5 km/s, we derive the following conclusions regarding

armature efficiency. The efficiency of the transitioning armature increases

31




PRI WA cwweme s - o -

X 3 Ty N TTENTTY ~T LIy Y = T
EENC OIS O TR N S 2R S S R AT VAR ORI, e SR MU A S SN ) S e et

with projectile mass, from a value of 0.5 for gram—sized projectiles to a
broad maximum of 0.8 for kilogram—sized projectiles. This increase in ef-
ficiency with projectile mass is derived primarily from our voltage scaling
relation which predicts that the voltage increases with bore dimension with
some power less than unity. The efficiency of the hybrid armature also in-
creases with projectile mass. Although the hybrid armature’s efficiency is
less than that of the transitioning armature for small masses, it becomes
comparable to that of the transitioning armature for kilogram—sized projec-
tiles. The increase in efficiency with projectile mass for the hybrid arma-
ture is a direct result of the favorable scaling of the parasitic mass ratioc
with projectile mass. For both transitioning and hybrid armatures, the ef-
ficiency is relatively insensitive to j for values between 2 x 107 and 4 x 10’
A/m.

For the conditions studied here, the velocity limit for the hybrid arma-
ture exceeds 15 km/s, the highest muzzle velocity investigated in our study.
On the other hand, ablation drag and viscous drag limit the velocity to less
than 10 km/s for the transitioning armature. It is interesting to note that

v for the transitioning armature does not exhibit the same favorable scal-

i::xwith projectile mass that 5 does. The scaling of Vpax With j is not
straightforward because of the competition between opposing trends. As the
current increases, the energy dissipated in the armature and transferred to
the bore during acceleration decreases, but this energy is more effective in
causing ablation.

Our calculations suggest that we may have some flexibility in extending
Vpax DY altering the gun operating conditions. For example, Figure 10 shows
the maximum velocity as well as the efficiency for a transitioning armature
accelerating a low-mass projectile in a 10—cm bore gun. The projectile mass
of 250 g, used to generate the curves in Figure 10, is an order of magnitude
lower than the nominal mass for the 10-cm gun as determined by Equation (16).
Comparison of Figure 10 with Figure 4 shows that the maximum velocity for the
low-mass projectile is approximately a factor of two higher than that for the
nominal mass at a current per unit rail height of 4 x 107 A/m. Of course, a
reduction of an order of magnitude in projectile mass, at the same current
level, leads to an order of magnitude increase in acceleration, which presents

a challenge to projectile design.
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It is necessary to keep in mind that the values of several parameters
used in this analysis, and their variation with gun geometry and operating
conditions, are not yet well defined. This uncertainty applies particularly
to the parameters which define the ablation drag and voltage scaling, and to
the armature friction coefficient. Until more accurate values become avail-
able, one must proceed cautiously in quantitatively interprecing our results,
particularly when the scaling analyses extend beyond the regimes where experi-
mental data is available. Indeed one of the principal uses of the armature
model is to determine the sensitivity of the model’s predictions of armature
performance to parameters which are not well defined in ordexr to guide future
experimental efforts.

For example, our simulations indicate that the maximum velocity which can
be achieved with the transitioning and plasma armatures, although relatively
insensitive to the entrainment fraction for values of f; and f; between 0.5

% and 1, is highly sensitive for values below about 0.2, Likewise, the pre-

1 dicted maximum velocity is highly sensitive to the friction coefficient for
values of Cg below about 0.003. Our predictions of armature performance are
relatively insensitive to the value of the contact poteatial primarily because
we fit the parameters in our voltage scaling relationship so that the curves
will pass through the representative values taken for a one-centimeter and
ten—centimeter bore gun. On the other hand, our scaling neglects any explicit
dependence of voltage on current, which could significantly alter these con-
clusions. Clearly, additional information on the scaling of the physical
parameters which control ablation drag, friction, and armature voltage drop

are necessary to more accurately assess armature performance.
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APPENDIX A

DERYVATION OF THERMAL CONDUCTION PARAMETERS
FOR ABLATION DRAG AND GAP GROWTH

A fraction of the energy incident on the rails and dielectrics is lost to
conduction and does not lead directly to bore ablation. Schnurr and Kerrisk,
Reference 13, have developed an approximate expression for the heat lost to
conduction, based on the assumption that the time required for the bore sur-
face to be raised to the vaporization temperature is small compared to the arc
transit time. While this assumption is valid for typical dielectric mater-
ials, such as lexan, even for velocities on the order of 15 km/s, it is
generally not valid for rail materials or ceramic insulators for velocities
greater than a few kilometers per second. In this Appendix, we extend the
analysis of Schnurr and Kerrisk to account for the time required to raise the
surface temperature to the vaporization temperature. We consider only the
rail surface, since the procedure for calculating the heat lost to the
dielectrics is identical except for the change in thermophysical properties.

Based on a comparison of analytic solutions with detailed numerical com-
putations, Schnurr and Kerrisk suggest that the power per unit area lost to
conduction , q;, for a point on an ablating rail can be approximated simply by
the power flux conducted into a surface whose surface temperature is
instantaneously raised to the vaporization temperature, T,p, and then held
constant at that value, namely

kg (Tyg = Ty) (A-1)

q, (t ) =
L ‘e ["QLR te]h

where k;p and a;p are the thermal conductivity and thermal diffusivity,
respectively, of the molten rail material, Ti is the initial temperature of
the rail, and tes the exposure time, represents the time since the surface was
raised to T,p. Of course, Equation (A-1l) is valid only during the transit
time of the armature.

In reality, the rail surface is not raised to T p instantaneousiy.

Indeed, if we assume that the point in question is subject to a constant power
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§ flux, qp, then it will first reach the vaporization temperature at the time,
i Reference 14

2
n 1.ER (TVR ~ Ti)
t, - — (A-2)
vV & 298
v R
3
i where the overbar denotes representative values of the thermophysical proper-
s - ties in the temperature range T; to T, p. The power flux, qp, is related to

f the heat flux, Qp, in Equation (4) by qp= QR/Zhl. Until time t,, no ablation
3 is assumed to occur, and all the incident flux, that is qg, is taken to be

lost to conduction into the rail material.

For t>t, but less than the arc transit time, t., we use the Schnurr-
Kerrisk approximation to calculate the heat lost to conduction. However,
since the surface has been gradually raised to the vaporization temperature,
we adjust the exposure time such that the heat lost to conduction is
continuous at t=t,. In other words, we use Equation (A-1l) for 9. but replace

te by t,--r where r is determined by requiring q; at te=t, to be equal to qp.

This condition isads to the expression

' -t (1) (a-3)

where

3 - 2
; s | & kir

kR

Accordingly, for t > t, can be written as

L
b
qp = qg [Agt,/(t 1)1 . (A-5)

If we assume that the arc length, £, and armature/projectile velocity, v,

] are constant during the arc transit time, we can express the exposure time for

any point on the rail located at a distance ¢ from the back of the projectile

as

- & _
te =3 - (A—6)

Thus, st any time, t, the power per unit area lost to conduction into the

rails can be written as
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L R £€-x_(1-a)] ' “v =
v R
[ 0, £>12
where x, =~ v t_.
. If we define By to be the fraction of the thermal power incident on
o the rail surface which leads to ablation, then
» .
SN -] - — T
. BR 1 ) I 9 (§) 4§ . (A-8)
» R o
.i% Carrying out the integration, we obtain the following expression for ﬁR:
o ] ]
xV xV xV xV
3 ﬁR-l-T -2 ART I—T(l—XR) - ART . (A-9)
. For the hybrid armature we must account for the ablation of the solid

part of the armature. Since the surface of the solid armature remains in
contact with the plasma throughout the acceleration period, we do not have to
consider motion of the plasma relative to the solid surface; however, we

.Il account for the heat that is lost to conduction into the solid armature, gq-
This heat loss is given by

ks (Tvs B Ti)

R : q = r—— (A—IO)
Ei Ls (ra_t )
S S

where ES is the representative value of thermal conductivity of the solid arm-

ature, @, its representative thermal diffusivity, Tyg its vapor temperature,

s
and T; its initial temperature. Also, in this equation, tg is the time since
the surface of the solid armature reached its vapor temperature. Because the
plasma and the solid armature surface remain in contact throughout the accel-
eration period, we assume that the solid armature surface reaches the vapori-
zation temperature instantly and, therefore, tg is set equal to t, the accel-

eration time.

38

R T L TR TR NCE - TU S T A



A ST AT, YT AT, TN T TR T T I Y T v e taza s e e

A iy e o
SR R A T S B e s BT ot o »'z-‘).*u',— Ba_aes & N poe

The fraction, ﬁs, of the heac flux to the solid armature, q,, that

actually leads to ablation is given by
q
g =12 (A-11)
The heat flux, q s can be written as
) IV + vFD
s “hi

This fraction may also be written as

- ff

2
k (tr -1)
4 [ vs i
- —— [ 7q ] (A-13)

is a characteristic conduction time for the solid armature.

where
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APPENDIX B
DERIVATION OF PARASITIC MASS FOR HYBRID ARMATURES
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APPENDIX B
DERIVATION OF PARASITIC MASS FOR HYBRID ARMATURES

The mass of a conductor required to carry a current, I, for a time, t,
without melting can be derived from the heat equation. For the solid armature
we have

2

2 I™n
df IR rs (B-1)

sp d&” V. "V m

where p. is the density of the solid conductor, Cp is its specific heat, T is
the conductor temperature, assumed to be uniform throughout the conductor, R is
the conductor resistance, Nrs is its resistivity, and Vs is the volume occupied
by the conductor. In deriving this equation we have assumed that energy is
deposited in the conductor uniformly and that the only source for this energy
is ohmic heating. Also, we have assumed that no heat is lost from the
conduztor by thermal conduction.

After integrating Equation (B-1) we obtain an expression for the conductor

mass, M., required to carry the current, I, for a time, t, given by

M, ~ hI/E/y (B-2)

where vy, a parameter which is related to the action constant of the conductor,

is given by

£
1 C
1-——[ - (B-3)
T

In Equation (B-3), T; is the initial temperature of the conductor and Ty is its
allowed final temperature (the melt temperature in this case).

In some solid armature designs, the solid armature is made up of metal
conductors imbedded in a composite matrix to insure a more uniform distribution
of current in the armature. To account for the additional mass of the matrix we

introduce the ratio of the armature mass to conductor mass, f.c» into Equation
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(B-2) and obtain an expression for the solid armature mass, M. ,, given by
Mgy = £c hI JE/T . (B-4)

A limiting case, analytical solution can be obtained for the solid
armature mass necessary to accelerate a projectile of mass, Mp, to a given
velocity, vg, if we assume friction drag and ablation drag are negligible.

With these two assumptions, Equation (1) can be integrated to obtain

2
L'
TV I Ryt &)
P sa

Ve
where v; is the initial projectile velocity and t is the time required to
accelerate the projectile to velocity vg.

After solving Equation (B—4) for the acceleration time, t, and substitut-
ing this time into Equation (B—5), we obtain a quadratic equation for M., .
This equation may then be solved for Msa/Hp giving

M
221+ AT (B—6)
P
where
2,2
\ - fac h (vfdvi)
L'M
"

The armature mass predicted by Equation (B-6) was found to agree very well with
that predicted by our numerical calculations. The good agreement is due to the
fact that skin friction effects and ablation effects do not significantly alter
the acceleration time from that predicted by Equation (B-5).
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APPENDIX C

ANALYTIC SOLUTION FOR ARMATURE EFFICIENCY
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APPENDIX C
ANALYTIC SOLUTION FOR ARMATURE EFFICIENCY

As a means of analytically checking our armature efficiency calculations
we consider the Case 2 calculations which include the efficiency losses due to
the initial parasitic mass and the armature resistance. For this case the

efficiency may be expressed as

KE
2 (c-1)
tot + ehmic

"2 T RE

where KEp is the increase in kinetic energy of the projectile, KE . . is the
increase in kinetic energy of the projectile/armature package, and E ;. ;. 1is
the energy ohmically dissipated in the armature. These quantities may be
individually expressed in terms of the following equations.

. L'szf Hp
. KEP - 2 S (C-2)
- a P
L'szf
RKEiot =7 (€-3)
and
EOHMIC - Ith . (C-4)

- a1y

In these expressions te is the total acceleration time and x¢ is the barrel
length.

For Case 2, the acceleration

2
L'l
B c-5
8 "I +H) (€-3)
a P
is constant so that ty and x¢; can be expressed simply in terms of the initial
velocity, Vi and the final valocity, Vg, as
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(ve - v))
f i
tf -— (C-6)
and 2 2]
Ve " Yy
xF - %2a ’ (0'7)

respectively. After substitution we obtain the analytic expression for the

Case 2 efficiency as

- L (C-8)

n
2 M_ 4V
1+ — 1+ =
Hp L'1 (vf + vi)

The efficiency predicted by Equation (C-8), provides an accurate

estimate for the efficiency for the hybrid armature since the losses in the
hybrid arise primarily from the parasitic mass of the solid conductor and the
voltage drop in the brushes.
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